
APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 18 5 MAY 2003
Observation of a hydrogenic donor in the luminescence
of electron-irradiated GaN

Qing Yang,a) Henning Feick,b) and Eicke R. Weber
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and Engineering, University of California at Berkeley, California 94720
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Excitonic luminescence of GaN after irradiation with 0.42-MeV electrons has been investigated in
detail. The low-energy irradiation generates damage exclusively in theN sublattice. Additional
bound-exciton lines are found and are shown to arise from a hydrogenic donor with a binding energy
of 25 meV. The donor binding energy, bound-exciton localization energy, and bound-exciton
lifetime are discussed in comparison with the values observed for ON and SiGa in the same sample.
Nitrogen vacancies VN forming a hydrogenic donor state are suggested to be the most likely origin
of this luminescence emission. Finally, a metastable behavior related to the damage-induced defects
is reported and discussed in conjunction with interstitial-nitrogen-related defects. ©2003
American Institute of Physics.@DOI: 10.1063/1.1570943#
ht
ro
o
s
e
d
N
of
-

r
.
ns
n
of
ly

y-
nd

th

-
s

a
r,
an
sp
pe
a

th

es
en-

.

ated
e

to

ron
ess
ion
hin
be-

ron

itive
or
rst

ea
ail
Commercialization of GaN-based green to UV lig
emitters and potential applications of AlGaN/GaN hete
structures, such as high-power, high-frequency transist
have drawn great attention to the basic material propertie
GaN. Intrinsic defects have been the subject of many exp
mental and theoretical studies, since they are expecte
strongly affect the optical and electrical properties of Ga
While interstitial Ga was identified by optical detection
electron–paramagnetic resonance,1,2 Ga vacancies were de
tected by positron annihilation spectroscopy.3,4 For many
years, the nitrogen vacancy (VN) was thought to account fo
the n-type conductivity of unintentionally doped GaN5

However, this was ruled out by first-principles calculatio
that revealed isolated VN to have a high formation energy i
n-type GaN.6 In the present letter, we study the effect
0.42-MeV electron irradiation of GaN, damaging exclusive
the N sublattice.7 Bound-exciton luminescence lines of a h
drogenic donor with a binding energy of 25 meV are fou
and tentatively attributed to VN .

The investigated sample was a free-standing 248-mm-
thick GaN layer grown at Samsung8 by hydride vapor phase
epitaxy ~HVPE!. Shallow donor species were found wi
concentrations of a few times 1015 cm23.9 The irradiation to
a fluence of 331017 cm22 was carried out at room tempera
ture with 0.42-MeV electrons. Time-resolved photolumine
cence ~TRPL! was excited with 200-fs pulses from
frequency-tripled~267 nm! mode-locked Ti: sapphire lase
dispersed with a 0.25-m single-grating monochromator,
detected with a synchroscan streak camera. The system
tral and temporal resolution was 0.05 nm and 11 ps, res
tively. Cw PL measurements were performed in the ne
infrared region using a HeCd laser~325 nm! for excitation
and a cooled Ge diode for detection.

Figure 1 compares the integrated TRPL spectrum in

a!Electronic mail: qingyang@uclink.berkeley.edu
b!Present address: Center of Advanced European Studies and Res

~CAESAR!, Friedensplatz 16, D-53111 Bonn, Germany; electronic m
feick@caesar.de
3000003-6951/2003/82(18)/3002/3/$20.00
Downloaded 02 May 2003 to 128.32.113.135. Redistribution subject to A
-
rs,
of
ri-
to
.

-

d
ec-
c-
r-

e

band-edge region at 5 K before and after irradiation. The
main feature before irradiation is a superposition of two lin
at 3.4717 and 3.4725 eV, which we assign to the oxyg
bound and silicon-bound exciton, respectively, as ON and
SiGa are the most abundant shallow donors in HVPE GaN10

Luminescence due to A-valence-band free excitons (XA) is
seen at 3.4782 eV, and the broad peak at 3.497 eV is rel
to free-exciton excited states.11 The weak peak between th
free and donor-bound exciton peaks is a B-exciton bound
neutral donors.12

Peaks at about 3.45 eV are bound-exciton two-elect
transitions resulting from a radiative recombination proc
of a donor-bound exciton that goes along with an excitat
of the neutral donor electron to a higher bound state. Wit
the effective-mass approximation, the energy separation
tween the donor-bound exciton and the first two-elect
transition is three-fourths of the donor binding energyED .
Since there is a significant variation inED among the differ-
ent donor species, the two-electron transitions are a sens
indicator of the chemical origin of the corresponding don
defect.11 We assign the emission at 3.4512 eV to the fi

rch
: FIG. 1. Time-integrated excitonic luminescence spectra of the 250-mm free-
standing HVPE GaN before and after 0.42-MeV electron irradiation.
2 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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excited state of SiGa, and the 3.4472 and 3.442 eV peaks
the first and second excited states of ON , respectively, in
agreement with a recent study by Wysmoleket al.13 ED for
SiGa and ON are determined here as 28 and 33 meV, resp
tively. These values are in reasonable agreement with th
obtained from magneto-optical studies,14 considering that the
central-cell corrections may change the three-fourths r
tionship slightly.15

After irradiation, two lines emerge, labeled B1XA

~3.4732 eV! and (B1 ,XA)2e ~3.4547 eV! ~see Fig. 1!. We
assign the two lines to a bound exciton and the correspo
ing two-electron transition of a newly introduced shallo
donor B1 , with ED525 meV, determined again from th
peak separation. According to Haynes’ empirical rule,
exciton localization energyEloc ~separation between th
bound and free exciton lines! is proportional toED . In Fig.
2, we plot ED of the donors ON , SiGa, and B1 versus the
correspondingEloc . A single proportionality factor fits all
three donors, supporting the conclusion about the hydrog
donor nature of B1 and the assignment of the two-electro
transition line. We find a value of 0.20160.002 for the pro-
portionality constant, identical to the value of 0.2 previou
reported for GaN.16

In addition, Fig. 2 shows the bound-exciton lifetime
B1, SiGa, and ON together with the lifetime of free excitons
All lifetimes, except for that of B1 before irradiation, were
obtained from a single-exponential fit of the PL decay at 5
The free-exciton and bound-exciton lifetime before irrad
tion are comparable to previously reported values.13,17 The
significant decrease of the PL decay timetPL after irradiation
is attributed to a greatly reduced nonradiative lifetimetnr , in
accord with the relation 1/tPL51/t r11/tnr . Calculation of
tnr for the ON and SiGa transitions yields, within experimen
tal error, the same value of about 162 ps. Using this va
the donor-bound exciton lifetime of B1 without nonradiative
recombination is estimated to be 329 ps. The donor-bo
exciton lifetimes before irradiation fit Rashba
Gurgenishvili’sEloc

3/2 relation well,18 indicating a low concen-
tration of nonradiative defects in the undamaged sample,
reaffirming the hydrogenic donor nature of B1 . Following
the method of Henry and Nassau,19 and accounting for the
correction suggested by8t Hooft et al.,20 we obtain the value
of 0.456 for the free-exciton~giant! oscillator strength, cor-

FIG. 2. Dependence of the donor binding energyED ~solid squares! and
exciton lifetime before and after irradiation~open and solid circles, respec
tively! on the exciton localization energyEloc .
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responding to a radiative lifetime of 4.7 ns.21 This compares
well to the value of 3.3 ns for bulk GaAs.20

In addition to the appearance of PL lines, the irradia
sample exhibits a metastable behavior under focused 267
laser illumination. The laser light exposure results in
gradual transformation of the PL spectrum at 11 K. T
oxygen-bound exciton intensity relative to that of the don
B1 , the total band-edge PL intensity, and the PL decay l
time of free and bound excitons are all increasing. Even
ally, a stable state is reached. The inverse lifetime of f
excitons, which is a measure of the concentration of non
diative decay channels, decreases exponentially with la
exposure time~see Fig. 3!. The inverse time constant fo
reaching the stable state, determined from exponential
increases linearly with the average power of the laser in
range of 10 to 25 mW, as shown in the inset of Fig. 3. Af
the sample is kept in the dark at low temperature for ab
30 min, the exciton lifetime decreases slightly towards
value before the prolonged laser exposure. We assume
the behavior reflects a configurational metastability and/o
recombination-enhanced dissociation and subsequent re
ciation of a radiation-induced nonradiative recombinati
center.

In order to discuss the origin of the PL lines and t
metastable behavior, we first confirm that only N atoms
displaced by 0.42-MeV electron irradiation of GaN, as w
originally suggested by Looket al.7 Based on the
McKinley–Feshbach cross section,22 direct displacement of
Ga atoms by 0.42-MeV electrons is not expected if the
sumed displacement threshold energyEth(Ga) is above 20
eV. While theEth have not been accurately determined f
GaN, the ZnO values of about 50 eV for both sublattice23

can be considered a good estimate due to the close simil
between ZnO and GaN in terms of the lattice constant, b
gap, nuclear mass, and ionicity. Indeed, Saarinenet al.4

found an introduction rate of 1 cm21 for VGa with 2-MeV
electron irradiation of GaN, yieldingEth(Ga);45 eV. Fur-
ther support for the lack of Ga sublattice damage in o
sample comes from the following observation. GaN irra
ated with higher energy electrons~2.5 MeV! exhibits two

FIG. 3. Metastable behavior of the irradiated sample under focused l
exposure manifested, for example, by an exponential decrease of the in
free-exciton lifetime~solid line: exponential fit with relaxation time constan
tm584 s). The inset shows a linear dependence of 1/tm on the average lase
power.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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broad PL bands at 0.88 and 0.95 eV, related to interst
Ga.1,2 However, except for a sharp peak at 0.931 eV due
the intracenter transition of residual V31 ~Ref. 24!, we ob-
served no luminescence in the near-infrared region. Thi
consistent with the finding that already at 1-MeV electr
irradiation, the 0.88- and 0.95-eV bands are weak or
observable.25 Therefore, the primary defects generated
0.42-MeV electron irradiation are only VN and interstitial
nitrogen (Ni).

First-principles calculations6,26 have found that Ni intro-
duces deep levels into the GaN band gap, whereas VN has a
singly occupiedp-like T2 state resonant in the conductio
band. This state autoionizes, leaving a positively chargedN

that forms a hydrogenic level. Therefore, among the poss
primary damage defects, isolated VN appears as the best ca
didate for the donor signature observed here. As outline
the following, this assignment is also consistent with the
fect migration reactions to be expected during the irradiati
which in addition provides a possible clue about the o
served metastability. A recent first-principles calculatio27

shows that VN is immobile compared with Ni . Therefore, VN
is expected to persist after irradiation at room temperat
while the more mobile Ni may get trapped at impurities o
other defects in the material. ON and SiGa are the most likely
traps in the present material, resulting in donor-deactiva
complexes Ni – ON and/or Ni – SiGa. In this framework, the
observed metastability may be attributed to a partial or
dissociation of Ni from the donor impurities, which may b
driven by carrier recombination through the complexes d
ing illumination. This would naturally explain the increase
luminescence from ON-~and SiGa)-bound excitons after~par-
tial! dissociation of the proposed Ni– ON and/or Ni– SiGa

complexes.
Final support for the assignment of the hydrogenic do

to VN comes from an assessment of the central-cell effect
ED . Moore et al.14 derivedED from effective-mass theory
for GaN without central-cell corrections to be 29.1 me
While ON was found to haveED a little higher than this,
indicating an attractive core correction that leads to a str
ger localization of the donor electron wave function at t
core, the low ionization energy of the donor B1 reported here
means a repulsive core correction. This is reasonable s
the positive charge on VN is distributed over the electro
states of the surrounding Ga atoms, resulting in a fairly
localized wave function and thus requiring less energy
the ionization.

In a previous study,7 a 64-meV donor and an accept
with identical concentrations were found to be introduced
electron irradiation, and they were tentatively assigned toN

and Ni , respectively. The donor level was later also obser
with deep-level transient spectroscopy.28 However, in this
case, higher electron energies~0.7–1 MeV! and higher dop-
ant concentrations were used. Therefore, the observed le
might be due to other defects.

In summary, excitonic luminescence of GaN after irr
diation with 0.42-MeV electrons was studied. The irradiati
was shown to generate damage exclusively in the N sub
tice. Bound-exciton lines arising from a hydrogenic don
Downloaded 02 May 2003 to 128.32.113.135. Redistribution subject to A
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with binding energy 25 meV were tentatively assigned to
N vacancy. The bound-exciton localization energy and li
time were discussed in conjunction with the values obser
for ON and SiGa in the same sample. Finally, a metastab
behavior related with the damage-induced defects was
ported and tentatively explained in the framework of non
diative defect complexes involving Ni .
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